Introduction
Over the last two decades or so, a large volume of literature has been written on the phenomenon known as El Niño -Southern Oscillation (ENSO). The ENSO cycle is a quasioscillation of the coupled atmospheric-oceanic system and is one of the most significant climate variations associated with seasonal to interannual time-scales (Philander 1990 ). ENSO has a profound impact globally on the climate and is associated with global and regional-scale atmospheric circulation (e.g. Frederiksen and Zheng 2004, 2007) and precipitation variability Halpert 1987, 1989; Trenberth et al. 1998 ) and consequently affects the economies of many countries.
Many different types of models of varying complexity have been proposed to model and/or forecast the essential dynamics and thermodynamics of ENSO. Prediction of the tropical oceanic state, and in particular the sea-surface temperature (SST), at long lead times up to several seasons, is thought to be possible because the characteristic timescales of ocean variability are much longer than those of the atmosphere. Models used to date include entirely statistical (e.g. Graham et al. 1987) , dynamical prognostic ocean with diagnostic/statistical atmosphere (e.g. Cane and Zebiak 1985; Cane et al. 1986; Zebiak and Cane 1987; Battisti and Hirst 1989; Kleeman 1993; Neelin and Dijkstra 1995) and entirely dynamical (e.g. Latif et al. 1993; Rosati et al. 1997; Kirtman et al. 1997 Kirtman et al. , 2001 Stockdale et al. 1998; Schneider et al. 1999 ) models. The complexity of these models varies from low resolution models with fairly simple phys-ENSO variability and prediction in a coupled ocean-atmosphere model We describe a numerically efficient coupled ocean -atmosphere model consisting of two dynamical levels in both the atmosphere and ocean components with simplified physics and coupling. The atmospheric domain is global, but the ocean domain approximates the Pacific Ocean basin. The model has a realistic climatology in both components, and ENSO-like variability is displayed in multi-decadal integrations.
The model has been evaluated in hindcasts over the period 1981 to 2000. Model forecasts were initialised with initial conditions derived from an analysis run using a simple nudging technique to assimilate observed anomalies in the wind surface stress and upper level ocean temperatures. The model displays good skill, out to six or seven months, in forecasting the observed tropical upper oceanic temperatures and zonal current anomalies during the major El Niño and La Niña events which have occurred. Forecasts initiated between January and May tend to have the largest root mean square (RMS) errors and the most skilful forecasts occur for those initialised between June and November.
Predictions of the atmospheric fields tend to have skill mainly during the first month but extending out to two or three months during major ENSO events. There is evidence of an annual cycle of error growth in the atmospheric forecasts. Overall, the model performs reasonably well during 1981 to 2000.
ics and restricted domains (e.g. Schopf and Suarez 1988) to comprehensive global coupled general circulation models (CGCMs) (see, for example, Palmer et al. (2004) , for a description of models used in the DEMETER (Development of a European Multimodel Ensemble system for seasonal to inTERannual prediction)).
Comparison of the skill of these different types of models is documented in a number of publications (e.g. Barnett et al. 1988; Barnston et al. 1994 Barnston et al. , 1999 Latif et al. 1998 Latif et al. , 2001 Shukla et al. 2000; Landsea and Knaff 2000; Yang et al. 2006) . Recently, Jin et al. (2008) considered the current status of ENSO prediction in comprehensive CGCMs in the data-sets of the APCC/CliPAS (APEC Climate Center/ Climate Prediction and its Application to Society; Wang et al. (2008) ) and DEMETER projects. They concluded that most of the models had problems in reproducing the mean and mean annual cycle of the SST over the period 1980 to 2001. Consequently, the interannual variability in the SST was not well reproduced with discrepancies becoming worse with increasing lead time. They also found that these models performed best during the growth phase of extreme ENSO events and not so well in the decay phase. The models had little skill during ENSO-neutral periods. In line with the concept of a boreal spring predictability barrier, they also found that the skill of the models reduced more quickly with time for forecasts initiated during February or May, when compared to those initiated in August or November.
In the last decade, the importance of ensemble prediction methods for seasonal prediction has been raised as a possible way to improve dynamical seasonal forecasts. A number of methods have been proposed, and these are discussed in some detail in a companion paper (Frederiksen et al. 2010) . Here, our aim is to develop a coupled ocean-atmosphere model with relatively simple physics that has ENSO-like variability and reasonable predictive skill in forecasting tropical upper level ocean temperature variability in single run forecasts, even at low resolution. The model should be computationally efficient so that it is suitable for investigating different methods of ensemble prediction initialisation, even for very large ensemble sizes, in a reasonable time.
The plan of this paper is as follows. In the next section, we formulate the prognostic equations for the atmospheric and ocean components of the model and describe the method of coupling. We then discuss the model's climatology and variability from eighty-year integrations followed by a description of a simple method for assimilating observed upper ocean temperatures and surface wind stresses using a nudging strategy to generate a (re-)analysis of the model fields. We also conduct twelve-month forecasts with the model, initialised each month with initial conditions taken from the analysis run for the period 1981 to 2000, inclusive. The skill of the model forecasts is considered in terms of anomaly pattern correlations and root mean square errors of the model forecast anomalies compared with the analysis run. We then discuss the results and present our conclusions.
Model details
Our aim in this paper is to construct an efficient coupled ocean -atmosphere model capable of displaying ENSO-like behaviour, with some predictive skill in long range (seasonal) forecasts of, in particular, tropical Pacific sea-surface temperatures (SSTs), and therefore suitable for studying different strategies for seasonal ensemble prediction and better understanding ENSO dynamics/predictability. Here, we focus on the two former requirements; in a companion paper (Frederiksen et al. 2010) we consider the latter.
The model detailed here consists of a global atmosphere, with a circulation flowing over the topography shown in Fig.  1(a) , coupled to a Pacific basin ocean as shown in Fig. 1(b) . There is no through flow in the southern ocean. The model resolution of both atmosphere and ocean corresponds to a model grid of circa 2.3° latitude and 3.75° longitude.
Atmospheric model
The atmospheric component of the coupled model is based on the primitive equations on a sphere. It consists of two pressure levels in the vertical corresponding to 250 hPa and 750 hPa. Prognostic equations are prescribed for the streamfunction and potential temperature at each level, but the vertically averaged flow is assumed to be nondivergent. Thus, the dynamics and thermodynamics of the atmosphere can be described in terms of the vorticity, divergence and thermodynamic equation involving the five variables y, t, c, q and s, corresponding to the vertical average, or mean, streamfunction, the shear streamfunction, the shear velocity potential (or equivalently the velocity potential at 750 hPa), and the mean and shear potential temperature, respectively. That is, y + t, y -t, q + s, and q -s represent the upper and lower level streamfunction, and upper and lower level potential temperature, respectively. The prognostic equations are:
The Jacobian is:
Here, l is longitude and m is the sine of latitude. Topography has been incorporated by the inclusion of appropriate vorticity and divergent sources involving the term h = 2mgH/ (RT o ) where g = 9.8 m s -2 is the gravitational acceleration, H is the topography (Fig. 1(a) ), R = 287 JK -1 is the gas constant for air and T o = 273 K is the horizontally averaged surface temperature. K = 2.3148×10 -6 s -1 is a surface drag coefficient; K 2 = 2.5×10 5 m 2 s -1 is a diffusion coefficient; a = 6.37×10 6 m is the radius of the earth; c p = 1004 JK -1 kg -1 is the specific heat of dry air at constant pressure and B = 0.124 is a dimensionless constant. The model includes a generalised Kuo-type heating parametrisation -s∇ 2 c that incorporates a closure for convection. The heating profile projects completely onto the internal mode dynamics and the moisture destabilisation parameter s is given by s = Q F q, where q is the specific humidity at the lower level and Q F is an effective convective heating parameter. In this study, we have used a value of Q F = 1000 K. Frederiksen and Frederiksen (1993) and Balgovind et al. (2000) discuss some of the numerical details. The principal driver of the general circulation is a relaxation of the mean and shear potential temperatures, q and s, to their climatological annual cycle, q E and s E , derived from the National Centers for Environmental Prediction (NCEP) National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996) over the period 1951-2000. Although the annual cycle is defined in terms of monthly values, relaxation is applied every day by using a linear interpolation between adjacent months with centres closest to the particular day. We experimented with different values of the relaxation coefficient a and found the best simulation of ENSO-like variability with a relaxation coefficient of a = 5.787×10
Finally, in Eqn 4 we incorporate an additional heating term H a that is related to the vertical heat flux between the ocean and atmosphere. The precise details of this term are discussed below when we consider the ocean-atmosphere coupling in this model. Fluxes over land are accounted for through the relaxation physics.
Ocean model
The oceanic model has a similar structure to the atmospheric component and is formulated in terms of vorticity, divergence and temperature using the Boussinesq approximation. There is no salinity in this model. Here, we use the 'apparent' ocean temperature (T -T* o ) relative to some reference temperature T* o = 283.5 K using an equation of state r = r o (1 -a(T -T* o )), where T is the actual ocean temperature, r is density, r o =1000 Kg -1 m -3 is a reference density for water, and a =2×10 -4 K is the thermal expansion coefficient for water. As for the atmospheric case, we assume two vertical levels, in this case at 50 m and 150 m depths. We also assume a level of non-divergence midway between these levels at 100 m. These levels overlie an abyssal layer, with upper boundary at 250 m, to which the two levels are connected through diffusion. Between 30°S-30°N, we assume an abyssal temperature of 287.5 K . Outside of this region we impose a zonally symmetric abyssal temperature profile derived using data from Levitus (1982) .
Thus, the ocean model also consists of five prognostic equations for the variables y o , t o , c o , q o and s o , corresponding to the mean streamfunction, the shear streamfunction, the lower level divergence, the mean apparent temperature and the shear apparent temperature, respectively. The prognostic equations are:
...15
Here, h o represents the ocean basin topography (see Coupling between the ocean and atmosphere involves surface wind stresses and heat fluxes, and is modelled in a manner similar to Schopf and Suarez (1988) . Thus, the surface wind stress is assumed to be proportional to the lower level velocity. It is represented in the ocean mean and shear streamfunction equations by the term
-( ) appears in the divergence equation. Schopf and Suarez (1988) used a simple Haney (1971) heating term to model the vertical heat flux between the ocean and the atmosphere. In brief, this assumes that the heat flux only depends on the air and sea temperature difference at the interface. We make a similar assumption here. That is,
where H q represents the surface heat flux between the at-mosphere and ocean; T s is the surface air temperature; T l is the first level ocean temperature; g is a proportionality coefficient assumed to be constant over the ocean basin. The choice of g has an impact on the model climatology and variability, and is discussed briefly in the next section. As in Schopf and Suarez (1988) , the surface air temperature is obtained by extrapolating the air temperature linearly in the logarithm of the atmospheric pressure. Thus, in terms of the mean and shear atmospheric potential temperature,
It follows then that,
and,
Here, c o = 4×10 3 JKg -1 K -1 is the specific heat of water. For the atmosphere, the heating term H a is treated a little differently. Because the atmospheric circulation is effectively relaxed to the climatological annual cycle of the atmospheric temperature, this relaxation term incorporates all sources of heating related to the climatological state, including with regard to the surface heat flux. Hence, in the case of the atmosphere, this effect should be removed from H q . Therefore, we define an anomalous surface heat flux which should be used in the atmospheric temperature equation by,
Here, q SST represents the climatological annual cycle of apparent sea-surface temperature derived from the Reynolds sea-surface temperature data (Reynolds and Smith 1994) for the period 1981-2000. The additional heating term in the atmospheric mean potential temperature equation (Eqn 4) is then given by,
where p -= 0.797.
Model behaviour
A series of eight 80-year integrations of the model were run for different values of the heating coefficient g ranging from 4 -32 Wm . Figures 2(a) and (b) show the 250 hPa zonal velocity for January and July, respectively. The model captures quite well the global structure of the zonal wind in both seasons and, in particular, the location and strength of the jets in both hemispheres as well as the annual cycle. Similarly, the global structure and magnitude of the 250 hPa potential temperature, shown in Figs 2(c) and (d), is captured by the model in both seasons, with tight meridional gradients associated with regions of enhanced zonal flow.
In Fig. 3 , we show for the ocean component the annual mean (a) 50 metre zonal velocity, (b) 150 metre zonal velocity and (c) 50 metre temperature. At 150 metres, the model has a quite realistic equatorial westerly current of about 1.2 m s -1 (Bryden and Brady 1985) and recirculating easterly flow in the eastern Pacific at 50 metres. The model also has quite realistic western boundary currents, such as for example the Kuroshio Current that manifests itself in this figure as strong westerly flow near Japan. The 50 metre ocean temperature is also well represented in the model both in terms of magnitude and general structure. It has the characteristic 'cold-tongue' in the equatorial eastern Pacific and warmer temperatures in the west. Unlike some coupled models, the model has little climate drift and this is illustrated in Fig. 4 which shows the difference between two 30-year climatologies of the 50 metre ocean temperature using the years 15-45 and 50-80 in our 80-year integration. Differences are generally no larger than ±0.25 K at a few points in the southern ocean.
For values of g less than 10 Wm , the model's ocean temperature is too warm and the 150 metre equatorial current is too strong compared to observations. The choice of g can also affect the variability of the coupled system (see brief discussion below in the next subsection).
Variability
The coupled model has quite realistic ENSO-like variability for a range of model parameters. In Fig. 5 , we show the 50 metre ocean temperature anomalies averaged over 5°S-5°N for the last seventy years of the integrations with g = (a) 15 Wm (Fig. 5(b) ), these anomalies extend to the far eastern boundary, much like in the observations (see Fig. 12 below) . For increasingly larger values of g above 15 Wm , the magnitude and longitudinal extent of the temperature anomalies become smaller and are largely confined near the eastern boundary.
To investigate the range of frequencies represented in these equatorial fluctuations, we have conducted a wavelet analysis (see, for example, Torrence and Compo (1998) ) using a NINO index defined as the area average 50 metre ocean temperature anomaly between 160°W-80°W and 5°S-5°N. 
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-1 as a function of frequency, in units per month, and year. In both cases, the model displays variability at many different time scales with, for example, periods in the 2-3 year, 4-5 year, 7-8 year and decadal range.
The dominant modes of 50 metre temperature variability with these periodic fluctuations can be obtained from an Empirical Orthogonal Function (EOF) analysis (Jolliffe 1986 ). Here, we have used monthly mean 50 metre temperature anomalies, with the annual cycle removed, to derive the EOFs. Figures 7(a) and (c) show the first two dominant EOFs for the case g =15 Wm (2007)). In the southern hemisphere, there is also evidence of high latitude variability often associated with the Southern Annular Mode (SAM). The second model EOF has large (negative) weighting just off the equator, and significant loadings along the South American coast. In this case, the atmospheric response is very distinct wavenumber five teleconnections in both hemispheres. The PNA/TNH teleconnection is even more pronounced than in the first EOF. . These explain 27.4% and 12.2% of the inter-month variance, respectively. Again the first EOF shows large (positive) weighting in the eastern equatorial region, but further east near 100°W, consistent with the more eastward location of the fluctuations seen in Fig. 5(b) . Similarly, the second EOF has a similar structure to that seen in Fig. 7(c) , but with negative loadings more eastward. The atmospheric response to the first EOF, (Fig. 8(b) ), again shows quite distinct PNA/TNH and PSA teleconnections, and perhaps even more realistic than seen for g =15 Wm . The second EOF has a very realistic Southern Annular Mode (SAM) atmospheric response and also a clear PNA/TNH teleconnection.
It turns out that, in both cases, the first two EOFs are associated with a propagating mode with period in the two to three year range. This can be seen quite clearly when the Principal Oscillation Patterns (POPs) (Hasselmann 1988) associated with the first six EOFs (explaining about 65% of the variance in both cases) are considered. Figures 9(a) and (b) show the imaginary and real parts of a POP with period 28 months for the case g =15 Wm 
Prediction
The model we have described above has a reasonable climatology and ENSO-like variability. It is therefore of interest to ascertain whether it has any predictive skill in forecasting the variability and regime transitions associated with ENSO. In this section, we describe results from a series of twelve month forecasts starting each month for the period January 1981 to December 2000.
Analysis run
In order to initialise and validate the model we have also conducted, for each model configuration, an analysis run in which we have assimilated observed 50 and 150 metre ocean temperatures and surface wind stresses. Our interest is in the forecast of the anomalous temperature and circulation features from the climatology. We have therefore used a methodology for generating the analysis run that assimilates the observed anomalies. In particular, we have nudged the model anomalies towards the observed values in the following manner:
Here, Df model , Df obs and Df nudge represent the model, observed and nudged anomalies, and w is some weight. In the analysis run, the nudged anomaly is calculated and added to the model climatology each day. We have used the Reynolds (Reynolds and Smith 1994) SST data-set, the Bureau of Meteorology ocean analysis (Meinen and McPhaden 2000) data-set, and the Florida State University (FSU) surface wind data-set (Bourassa et al. 2005) , as our observed data-sets for the 50 metre temperature, 150 metre temperature and to calculate the observed surface wind stress anomalies. The weights for the 50 and 150 metre temperatures have been chosen such that w = 0.5 between 5°S-5°N; w = 0.75 for latitudes south of 30°S and north of 30°N; between 30°S-5°S and 5°N-30°N w varies linearly between 0.5 and 0.75. For the surface stress, w = 0.5 between 30°S-30°N and is zero outside this latitude band. The observed data-sets are monthly averages, so a linear interpolation between adjacent months closest to each day of integration is used to derive a daily value. The analysis run was initialised in January 1980 with data from the last year of a model 80 year run and integrated to December 2000 using the nudging strategy. Figure 10 shows the 50 metre temperature anomalies from the analysis run for January to June 1983 compared with the Reynolds SST anomalies. Clearly, the analysis reproduces the horizontal structure and magnitude of the SST anomalies very well. Other model fields, of course, are allowed to evolve unrestrained in response to the nudging, and will provide us with fields against which we can compare our model forecasts. Thus, for example, for the same period, Fig. 11 shows the anomalous mean streamfunction Dy associated with the 50 metre ocean temperature anomalies in Fig. 10 .
The major ENSO events during the period 1981 to 2000 are well reproduced in the analysis run, and this is clearly illustrated in Fig. 12 , which shows the 50 metre ocean temperature anomalies averaged over 5°S-5°N. . However, because the forecast skill was very similar in both cases, we will only present results for the former case. To avoid any shock to the model, the 50 metre temperature, the 150 metre temperature and the surface stress were nudged towards their initial conditions (i.e. persistence) over the first 30 days of the integration with the nudging progressively phased out. Specifically, this nudging and phasing out took the form,
Here, w is the nudging weight, as described above, and b is a parameter which varies linearly from 1 to 0 over the first 30 days of the integration. Thus, after 30 days Df nudge = Df model and the nudging to persistence ceases. Our interest here is predominately in the ability of the model to capture the observed (analysed) tropical variability over the twenty years. In Fig. 13 , we show two measures of the model's ability to forecast the analysis run 50 metre ocean temperature, the 50 metre zonal velocity and the 750 hPa atmospheric zonal velocity anomalies over a tropical domain defined by 130°E-80°W and 10°S-10°N. Figures 13(a With regard to the 50 metre temperature anomalies, it is clear that the model is able to capture the horizontal structure of these, especially for the major El Niño and La Niña events during this period. Thus, for example, the model forecasts have APCs ≥ 0.6 ( Fig. 13(a) ) out to seven months during the 1982/83 and 1997/98 El Niños, and the 1988/89 La Niña, once the ocean anomaly is in the rapidly growing phase. During these major transitions, the model also displays quite large error growth ( Fig. 13(d) ) prior to the establishment of the event. Thus, for example, for the 1997/98 El Niño (Fig.  14) , largest RMS errors occur for the forecasts initiated between January and May 1997 while the forecasts initiated between June and November 1997 have the largest APC and are skilful (APC ≥ 0.6) out to six to seven months. For some of the weaker El Niño events (1986 /87, 1991 /92, 1994 /95) and La Niña events (1984 /85, 1995 /96, 1999 , the model displays reasonable skill (APC ≥ 0.6) out to five months ahead. The same is also largely true for the prediction of the anomalous 50 metre zonal velocity (Figs 13(b) and (e)). For both of these ocean fields, the forecasts are particularly skilful for the 1988/89 La Niña, with APC ≥ 0.6 out to eleven months ahead for some forecasts. This behaviour is very similar to that seen in more comprehensive models (Jin et al. 2008) .
The skill in forecasting the tropical atmospheric fields is mainly limited to the first month, although during some of the major ENSO events some forecasts do have APC ≥ 0.6 out to two or even three months. This is illustrated in Fig.   Fig. 12 The analysed 50 metre ocean temperature anomalies averaged over 5°S-5°N for the period 1980 to 2001. Fig. 13 The anomaly pattern correlation and root mean square error for forecasts of the 50 metre ocean temperature ((a) and (d)), the 50 metre zonal velocity ((b) and (e)), and the 750 hPa atmospheric zonal velocity ((c) and (f)) anomalies over a tropical domain defined by 130°E-80°W and 10°S-10°N.
13(c) for the forecasts of 750 hPa zonal velocity anomalies. There is also evident in the RMS for this field ( Fig. 13(d) ) an annual cycle of error growth in the forecasts, indicated by the slope of the contours. This is even more evident if we consider the model forecasts of the extratropical atmospheric circulation.
In Fig. 15 , we show the APC and RMS of the model forecasts of the mean streamfunction anomalies Dy over a southern hemisphere domain (60°S-10°S, 110°E-70°W) and a similar northern hemisphere domain (10°N-60°N, 110°E-70°W ). Skilful forecasts (APC ≥ 0.6) are limited to the first or second month, and there is now a definite annual cycle in the RMS. This is clearly indicated in Fig. 15 (e) and (f), which show the twenty-year averaged RMS errors for all forecasts starting in each calendar month. For the southern hemisphere forecasts, the largest RMS errors occur between May to September, while for the northern hemisphere forecasts they occur approximately between December and April.
As discussed above, the model forecasts of the tropical ocean fields are fairly skilful out to seven months or so once the regime transitions associated with extreme ENSO events have occurred. To illustrate this, we present in Fig. 16 the twelve-month anomaly forecasts of the 50 metre ocean temperature initialised on 1 July 1997 together with the analysed anomalies over this period. The model forecasts show the positive anomaly in the tropical eastern Pacific growing over the first three months much like the analysis (Fig. 16(a) and  (c)) . However, the model shows this positive anomaly decaying earlier than in the analysis run. Nonetheless, the model does capture the decay of the 1997/98 El Niño (Figs 16(b) and (d)), and by month twelve the model forecast is remarkably similar to the analysis, especially in the tropical region.
Discussion and conclusions
We have formulated a numerically efficient coupled ocean -atmosphere model consisting of two dynamical levels in both the atmosphere and ocean components; there are thus ten prognostic equations describing the dynamics and thermodynamics of the coupled system. Coupling is through the surface wind stress and heat fluxes at the interface. The atmospheric component has a Kuo moist convective scheme and the principal driver is a relaxation to the annual cycle of the reanalyzed NCEP mean and shear atmospheric potential temperature climatology. The ocean domain approximates the Pacific Ocean basin, while the atmosphere is global.
The model has a realistic climatology for a range of model parameters, notably with respect to the Haney heating coefficient g between 10 -20 Wm . In particular, the model has quite realistic upper ocean currents, with peak westerly zonal velocity of about 1.2 m s -1 at 150 metres and weaker easterly flow at 50 metres. In addition, the model has realistic western boundary currents, simulating particularly the Kuroshio Current. The model also has little climate drift in the upper ocean temperatures. The upper ocean temperature is also well represented. The atmospheric temperature relaxation ensures the model has a good annual cycle in the atmospheric circulation. The model displays ENSO-like variability for a range of model parameters with tropical upper ocean temperature variability resulting in anomalies of up to ±4 K in the eastern half of the Pacific basin, and with periods reflecting observed ENSO variability. For appropriate values of the Haney heating coefficient, the model has dominant modes (EOFs) of tropical upper ocean variability reminiscent of observed ENSO modes, and displays realistic atmospheric teleconnections into the extratropics consistent with observed PNA/TNH and PSA and SAM teleconnections. The dominant modes were shown to be related to POPs with periods of about 30 months. Thus, the model has both a reasonable climatology and variability, even at the relatively low resolution considered. Also, it is fairly efficient to run with a model time step of 20 minutes resulting in one year of simulation taking about 20 minutes of CPU.
The model has also been evaluated for its ability to provide skilful forecasts of the observed upper level ocean temperature variability and atmospheric circulation for the period 1981-2000. Model forecasts were initialised with initial conditions derived from an analysis run using a nudging technique to assimilate observed anomalies in the wind surface stress and upper level ocean temperatures. The model has good skill in forecasting the observed 50 metre ocean temperature and ocean zonal wind anomalies once the regime transitions associated with the major El Niño and La Niña events have occurred, with APCs ≥ 0.6 out to seven or more months. Generally, forecasts initiated between January and May have the largest RMS errors and the most skilful forecasts occur for runs initialised between June and November with appreciable skill out to 7 months. This is largely consistent with Jin et al.'s (2008) evaluation of more comprehensive CGCMs.
Atmospheric fields are not as well predicted with skill mainly limited to the first month but extending out to two or three months during major ENSO events. For these fields, there is evidence of an annual cycle of error growth in the forecasts. In the extratropics, largest RMS errors in the forecasts tend to occur during May to September, in the southern hemisphere, and December to April in the northern hemisphere. Overall, the model performs reasonably well during 1981 to 2000. For example, the model forecast initiated in July 1997 captures the intensification of the 1997/98 El Niño and the subsequent decay, although this occurs earlier than in the observations.
In a companion paper (Frederiksen et al. 2010) , we use this model to examine the properties of ocean-atmosphere instabilities using the method of breeding which yields the leading nonlinearly modified Lyapunov vectors, as well as cyclic modes, which are the nonlinear generalisations of finite time normal modes (Frederiksen 1997) . Using both of these as ensemble perturbations, we examine the extent to which ensemble forecasts can improve upon the forecasts described here. We also examine the relationship between ensemble size and improvement in forecast skill.
